RNA helical ofigonucleotides that recapitulate the acceptor stems of ransfer RNAs, and 
tRNA synthetases. The specificty of aminoacylation is sequence dependent, and both specifcity and efficiency are generally determined by only a few nucleotides proximal to the amino acid attachment site. This sequence/strucure-dependent am cylation of RNA oligonucleotides constitutes an operational RNA code for amino acids. To a rough approximation, members ofthe two different clss of tRNA synthetases are, like tRNAs, organized into two maijor domains. The class-defining conserved domain containing the active site incorporates deteinants for recognition of RNA minihelix substrates. This domain may reflect the primordial synthetase, which was needed for expression of the operational RNA code. The second synthetase domain, which generaly is less or not conserved, provides for interactions with the second domain of tRNA, which incorporates the anticodon. The emergence of the genetic from the operational RNA code could occur when the second domain ofsynthetases was added with the anticodon-contning domain of tRNAs.
Operational Definition of an RNA code
The genetic code is an algorithm that relates each amino acid to one or more trinucleotide sequences. It was established >1 billion years ago and, with little variation, was adopted in the same form by all living organisms. The actual linkage of an amino acid to a specific nucleotide triplet is covalent, by virtue of the aminoacylation reaction where an amino acid is joined to a RNA, which contains the anticodon trinucleotide corresponding to the attached amino acid. The two components of the code-the attached amino acid and anticodon trinucleotideare contained in separate domains of the two-domain L-shaped tRNA structure, where they are separated by a distance of =76 A (see Fig. 1 ).
Why an amino acid is assigned to a particular set of triplets (such as UUU and UUC for phenylalanine, AAA and AAG for lysine, and so on) is unknown. Spontaneous associations between amino acids and triplets are weak and have little specificity. In contemporary systems, the connection between amino acids and specific triplets is accomplished through the aminoacylation reactions catalyzed by aminoacyl tRNA synthetases (1) (2) (3) (4) . There is one synthetase for each amino acid and these enzymes are among the oldest proteins on the planet. Each synthetase attaches its amino acid to all of the tRNA isoacceptors, which contain the anticodons corresponding to the amino acid. Thus, the enzymes select both an amino acid and a tRNA substrate and, to ensure the high specifi'city required for decoding genetic information, have editing activities to correct errors of misaminoacylation (5, 6 ).
An RNA code can be operationally defined by specific aminoacylation reactions with RNA substrates that lack the anticodons of the classical genetic code. Most generally, any nucleotides (exclusive of the anticodons) needed for specific aminoacylation of RNA model substrates based on partial tRNA molecules could be viewed as part of that code.
More narrowly defined, just RNA sequences/structures proximal to the amino acid attachment site (the 7-bp acceptor helix terminating in the singlestranded NCCA-3'-OH) can be considered.
A role for acceptor helix interactions in tRNA recognition was recognized in early work (7, 8) , and these interactions have been proposed as part of an early or second genetic code (9, 10 (11) (12) (13) (14) . The anticodonsynthetase interaction, together with the specific amino acid binding sites on synthetases, provided a structural basis for the linkage of a given amino acid with a particular trinucleotide. But other synthetases including alanine and serine tRNA synthetases have no physical contact with the anticodon trinucleotide (15) (16) (17) (18) , indicating that the basis for the relationship between the genetic code trinucleotides and amino acids in these instances is indirect and obscure.
To deconvolute acceptor stem interactions from other synthetase-tRNA contacts requires elimination of the anticodon and creation of RNA substrates, which isolate the acceptor stem domain as a functional unit (19) . These substrates provide a direct test ofthe idea that RNA helices, which terminate at the 3' end in a tRNA-like single-stranded NCCA-3'-OH sequence, contain sufficient information to confer specific aminoacylation. Seven examples of sequence-specific aminoacylation of RNA helices based on tRNA acceptor stems are described here.
We also discuss what is known about the minimal structures in synthetases, which are responsible for aminoacylation of these substrates. These (19, 20, 22, 23, (25) (26) (27) . [The nucleotides in these substrates are numbered in accordance with the conventional tRNA numbering system (Fig. 1) .] An RNA pseudoknot structure based on the 3' end of turnip yellow mosaic virus has also been enzymatically aminoacylated (28) .
Charging is sequence specific and can be determined by a single base pair, such as G3.U70 for alanine, and the unique extra base pair G-LC73 for E. coli tRNAHiS (19, 27) . Transfer of specificitydetermining base pairs such as G3U70 into other RNA sequence frameworks is sufficient to confer aminoacylation (with alanine, for example). In general, a particular single-stranded N73 "discriminator" base and certain base pairs within the first four of the acceptor stem (1-72- 4'69) are needed to confer aminoacylation and to determine specificity. Aminoacylation can be abolished by single base substitutions (22, 26, 30 Table 1 for specific references). These substrates include RNA hairpin helices and duplexes formed from complementary single strands and collectively have from 4 to 12 bp. The numbering system is based on the tRNA molecule shown in A. The pseudoknot minihelix is based on an acceptor-TlC minihelix-like domain in turnip yellow mosaic virus (28) .
ciency (31, 32) . Replacement of the wildtype G2_C71 base pair with a C2 G71 transversion severely reduces aminoacylation efficiency of a G3-U70-containing substrate (26) . And even nonconserved base pairs, such as U4-A69 and G4.C69 that are found in the acceptor helix of two E. coli methionine tRNA isoacceptors, are required for aminoacylation as shown by the failure to charge with methionine a C4 G69-containing substrate while similar substrates with U4'A69 or G4'C69 base pairs were charged (24) .
Thus, while a few nucleotides at defined positions near the amino acid attachment site are required for specific aminoacylation, these nucleotides only function within certain sequence contexts. Because all of these nucleotides are among the first 4 bp and N73, the determinants for aminoacylation by different enzymes typically overlap. And while it is possible to have major determinants for two or more amino acids encoded within the same short RNA helix in some instances, evidence obtained so far suggests that the major positive determinants for aminoacylation by one enzyme are negative determinants for another. For example, when the G-L-C73 base pair required by E. coli histidine tRNA synthetase is added to a G3U70-containing microhelix, aminoacylation with alanine is blocked, even though the major determinant for recognition by alanine tRNA synthetase is present. Instead, this G-1_C73/G3.U70 microhelix is charged only with histidine (26) . This result further illustrates the complex interplay between structure and sequence in defining the atomic recognition that underlies an RNA code and emphasizes that any algorithmic representation of that code has to be based on a threedimensional conceptual framework.
Protein Motifs in tRNA Synthetases. Aminoacyl tRNA synthetases are divided into two classes of 10 enzymes each (33, 34) . The class I enzymes correspond to those for arginine, cysteine, glutamic acid, glutamine, isoleucine, leucine, methionine, tyrosine, tryptophan, and valine tRNA synthetases (35) (36) (37) (38) . Most of these enzymes are monomeric.
Class II enzymes are alanine, asparagine, aspartate, glycine, histidine, lysine, phenylalanine, proline, serine, and threonine tRNA synthetases (33, 34) . All of these enzymes are multimeric, with the majority being homodimers. The two classes are defined by limited sequence similarities that are parts of conserved active site structures shared by all members of the same class. These two classes are maintained throughout evolution with the same enzymes in each class, so that no synthetase has switched between classes. Sequence relationships between members ofthe different classes have not been identified, suggesting that the two classes separated early or had independent origins (39, 40) .
To a first approximation, enzymes in either class can be viewed as composed of two domains-the conserved classdefining active site domain and a second, nonconserved domain. In class I enzymes, the class-defining domain is at the N terminus and is composed of a 85a4 Rossmann nucleotide binding fold of alternating 13-strands and a-helices (11, 41, 42) . Two characteristic sequence motifs shared by all class I enzymes are the 11-amino acid "signature" sequence that ends in the HIGH tetrapeptide (35, 36) and a KMSKS pentapeptide (43) . The fold is split by a variable insertion designated as connective polypeptide 1 (CP1) into P3a2 and A2a2 halves (44) and the two characteristic sequence elements are located in the N-and C-terminal halves of the divided nucleotide binding fold, respectively. In particular, the 11-amino acid signature sequence is within a loop after the first /3-strand and makes phosphate contacts with bound ATP (11) and the aminoacyl adenylate (41), while the KMSKS pentapeptide is in a loop after a t3-strand in the second halfofthe fold and is believed needed for stabilization of the transition state for formation of the aminoacyl adenylate intermediate (45) .
The C-terminal domain of class I enzymes is not conserved across the class. In methionine tRNA synthetase, it is predominantly a-helical (42) , and in glutamine tRNA synthetase, it is a /3-barrel structure (11, 12) . Sequence alignments suggest a close evolutionary relationship Domain for cysteine, methionine, isoleucine, leucine, and valine tRNA synthetases, and these enzymes appear to have historically related C-terminal domains (37, 46) . These five enzymes also have a second variable insertion designated CP2 after the first /-strand of the second half of the nucleotide binding fold (37) . For the other five enzymes of class I, CP2 is between the second and third /-strands of the second half of the nucleotide binding fold (glutamine, glutamic, and tryptophan enzymes) or it is absent (tyrosine and arginine tRNA synthetases) (39) .
In class II enzymes, three degenerate sequence motifs are part ofthe conserved active site domain, which is composed of a seven-stranded antiparallel /-sheet flanked by three a-helices (13, 34) . This structure bears no resemblance to the nucleotide binding fold of class I enzymes but has some topological similarity to the NAD binding domain of the enterotoxins (47) . The three classdefining sequence motifs always occur in order (motifs 1, 2, and 3) in the sequence, but the conserved domain itself may be at either the C-or N-terminal half of the protein (3, 48 protrudes out from the main body of the structure and is joined to the active site domain (34) . As explained below, the nonconserved domains in both class I and class II enzymes are needed for synthetase contacts with parts of bound tRNA that are distal to the acceptor stem.
Conserved Active Site D ins Incorporate Determinants for Acceptor Helix Interacdons. Although no cocrystal of a microhelix with a tRNA synthetase has been reported, the cocrystals of E. coli glutamine tRNA synthetase with tRNAGln and of yeast aspartate tRNA synthetase with tRNAAsP show that acceptor helix interactions are made by protein determinants that have been incorporated into the classdefining conserved domain (11, 13) . Genetic and biochemical analyses of E. coli alanine tRNA synthetase (49) (12) . Although a cocrystal has not been obtained for methionine tRNA synthetase, the high-resolution structure of the free enzyme has an a-helical C-terminal domain. Biochemical and genetic experiments, in conjunction with molecular Review: Schimmel et al. modeling, have established that this domain interacts with the tRNAMet anticodon (42, (52) (53) (54) (55) .
In the class II yeast aspartate tRNA synthetase, an N-terminal five-stranded (-barrel provides the framework for anticodon interactions. This structure is joined to the conserved active sitecontaining C-terminal domain through a distinct globular module of four short a-helices (14) . In serine tRNA synthetase, an N-terminal antiparallel coiledcoil is fused to the C-terminal active site domain. In the cocrystal, the coiled-coil structure is involved in direct contacts with the long variable arm of RNASer (18) .
Schematic Model for Bipartite Synthetase-tRNA Complexes. The two domains of a tRNA molecule consist of the acceptor-TTC minihelix and the dihydroduridine-anticodon stem biloop. To a first approximation, these two RNA domains interact with the two domains of synthetases (Fig. 2) . The nonconserved domain provides contacts outside of the acceptor-TTC minihelix and may extend to the anticodon. Several experiments suggest that this nonconserved domain contributes little directly or indirectly to the recognition of the acceptor helix and substrates based on it alone.
A 461-amino acid N-terminal fragment of the 875-amino acid E. coli alanine tRNA synthetase contains the conserved motifs without a large portion of the nonconserved domain. This fragment, while significantly reduced compared to the native enzyme in its catalytic rate of aminoacylation of tRNA, has the same activity as the native protein for charging the acceptor-TIC minihelix and a small RNA tetraloop substrate based on the first 4 bp of the tRNAAIa acceptor stem (Fig. 3) . Thus, >400 amino acids from the nonconserved domain make no contribution, even indirectly, to acceptor helix aminoacylation (48) .
Similar conclusions have been obtained with the class I methionine tRNA synthetase. In this enzyme, the C-terminal peptide from Phe-527 to Lys-551 curls back to the nucleotide binding fold and provides a noncovalent bridge between the conserved and nonconserved domains. This bridge could in principle provide a way for the two domains to communicate through the protein structure. Deletion of an 11-amino acid peptide epitope, which encompassed the region including the critical Trp-461 needed for anticodon contacts, severely reduced the rate ofaminoacylation of tRNAMet. However, the active site is unperturbed by this deletion, as demonstrated by the unimpaired rate of methionyl adenylate synthesis or rate of aminoacylation of a microhelix based on the acceptor stem of tRNAMet. Thus, in this experiment the conserved active site domain behaves as though it is operationally independent of the nonconserved anticodon binding domain (50) .
In a series of related experiments, domains of the 616-amino acid T. thermophilus methionine tRNA synthetase have been obtained by proteolysis. An N-terminal fragment that extends to Lys-300 contains the nucleotide binding fold and is fully active for adenylate synthesis. Although this fragment lacks the anticodon binding domain, it has significant activity for aminoacylation of E. coli tRNAfMet (51) .
These experiments support the concept that the nonconserved domains of synthetases have been added to the conserved structures as a way to improve interactions with the distal parts of the tRNA molecule but are not needed for acceptor helix interactions or for the integrity of the active site. Thus, the operational RNA code is based on the conserved domain of synthetases.
Interactions with distal parts of the tRNA structure may facilitate communication of the nonconserved domain with the active site by means ofconformational effects on the L-shaped tRNA structure. This possibility is not excluded by the experiments with alanine and methionine tRNA synthetase deletion proteins cited above. Thus, anticodon base substitutions in tRNA0Gn (57) and tRNAASP (58) , which affect the kcat parameter, may reflect subtle changes in the orientation ofthe bound tRNA at the active site. These changes in orientation at the active site may explain the cooperative effects ofdistal mutations in tRNAAsP on aminoacylation (59) . The ability ofthe tRNA molecule to transmit a signal from distal parts ofthe tRNA structure to the active site probably requires covalent continuity of the tRNA backbone. When the anticodon stem-loop was added to a yeast valine minihelix, an -3-fold stimulation of minihelix aminoacylation was observed (25) . The aminoacylation rate of an isoleucine minihelix was also increased a significant, albeit a lesser, amount by addition of an anticodoncontaining hairpin helix (21) . Given the role of the anticodon in determining the charging efficiency ofE. colitRNAval (60, 61) and tRNAne (62) site of amino acid attachment, and they established the basis for an operational RNA code that related RNA sequences/ structures to specific amino acids.
Aminoacylated RNA molecules might be bound together on an RNA matrix (the precursor of RNA) and react spontaneously to yield peptides. As an RNA template-directed process was developed, the anticodon domain was added to the RNA substrate to facilitate precise interactions with the template. This development eventually resulted in formation of the contemporary tRNA molecule with its anticodon (Fig. 4) .
tRNA molecules may have developed from the further differentiation and elaboration of RNA minihelices, which originally interacted with the minimalist active site domain ofthe primordial synthetase. According to this viewpoint, the two domains of contemporary tRNA molecules had their origins in hairpin stem-loop oligonucleotides, which eventually were joined together to give the L-shaped tRNA structure. Alternatively, tRNAs could have emerged from more complex structures such as group I introns (65, 66) or other large RNAs that interacted with the minimalist synthetases through nucleotides proximal to the amino acid attachment site of these large RNAs. Both possibilities, among others, are included in Fig. 4 .
The addition of the nonconserved domains to tRNA synthetases possibly occurred when the second RNA domain with the anticodon became an important copponent of the emerging tRNA. The grticular algorithm of the genetic code might, therefore, be accidental, in that an early 2-base genetic code for a limited number of amino acids resulted from the quasi-random combination of dinucleotide anticodons in the second RNA domain with amino acid-specific acceptor helices. Eventual addition of the third base and more amino acids to the genetic code resulted in tRNA isoacceptors and anticodon degeneracy.
Regardless of the particulars of the speculations about the way in which the contemporary genetic code developed from interactions of early RNA and protein molecules, the existence of an operational RNA code for amino acids that is embedded in the acceptor stems of tRNAs seems clear. Also apparent from recent structural analysis of synthetases and the study of minimalist enzymes and RNA substrates is that the conserved class-defining and probably primordial domains of synthetases contain the structural elements needed for acceptor stem recognition and for deciphering the operational RNA code. These experimental facts provide a specific framework within which theories for evolution of the genetic code can be constructed.
